ABSTRACT -Epidemiological investigations have indicated that aluminum (Al), as an important environmental neurotoxicant, could cause damage to the cognitive function which was closely related with neurodegenerative diseases. Long-term potentiation (LTP) is one form of synaptic plasticity in association with cognitive function. Previous studies have demonstrated that Al impaired early phase long-term potentiation (E-LTP) in vivo and in vitro. However, Al-induced damage to late phase long-term potentiation (L-LTP) has poorly been studied. The present study was designed to observe the effects of subchronic Al exposure on the spatial memory, hippocampus ultrastructure and L-LTP in rats. Pregnant Wistar rats were assigned to four groups. Neonatal rats were exposed to Al by parental lactation from parturition to weaning for 3 weeks and then fed with the distilled water containing 0, 0.2%, 0.4% and 0.6% aluminum chloride (AlCl 3 ) respectively from weaning to postnatal 3 months. The levels of Al in blood and hippocampus were quantitated by atomic absorption spectrophotometer. Morris water maze test was performed to study spatial memory. The induction and maintenance of L-LTP in area of Schaffer collateral-CA1 synapse was recorded by extracellular microelectrode recording technology in hippocampus of experimental rats. Hippocampus was collected for transmission electron microscopy observation. The results showed that the Al concentrations in blood and hippocampus of Al-exposed rats were higher than those of the control rats. Al could impair spatial memory ability of rats. Neuronal and synaptic ultrastructure from Al-exposed rats presented pathological changes; the incidence of L-LTP has a decrease trend while population spike (PS) amplitude was much smaller significantly stimulated by high-frequency stimulation (HFS) in Al-exposed rats. Our findings showed that Al exposure caused spatial memory damage, under which the neuronal and synaptic ultrastructure changes maybe were their morphological basis and the impaired L-LTP of hippocampus could be their electrophysiological basis.
INTRODUCTION
As a redundant element on the earth, Al is widely distributed in the ambient environment: water, air and soil, and also widely utilized in various fields such as industry, agriculture, medicine and daily life with the rapid progress of social economy. We are exposed to Al frequently and mainly by antacid medication and living environment including drinking water, air, food additives, and cooking utensils made from Al in our daily life. Orally ingestion including by food and water currently comprises the main form of aluminum exposure (97%) for humans (Walton, 2007; Poirier et al., 2011) . However, the accumulation of Al is of no physiological or biological function in mammalian species Chen et al., 2010; Walton, 2012) and can even exert neurotoxicity on organisms (Kumar and Gill, 2009; Poirier et al., 2011; Wu et al., 2012) . Humans are more vulnerable to Al toxicity (Gonda and Lehotzky, 1996; Flaten, 2001 ). Therefore, due to aluminum's wide usage and existence its effects on human health should not be ignored. So far, Al has become a global public health problem affecting billions of people all over the world, and has been reported as an important etiological factor of some neurodegenerative disorders such as Alzheimer's diseases (Miu and Benga, 2006; Percy et al., 2011 ), Parkinson's diseases (Oyanagi, 2005) and other chronic neurodegenerative diseases (Bondy, 2010) . With the increasing concern about human health it is, therefore, necessary and vital to develop further investigation and obtain more data about the detailed mechanism of the adverse effects induced by Al.
Epidemiological investigations and animal studies indicated that Al was a neurotoxicant which could cause cognitive dysfunction, learning and memory impairment, and finally led to neurodegenerative diseases (Petit et al., 1985; Riihimaki et al., 2000; Liang et al., 2012) . Miners exposed to powdered Al manifested deficits in cognitive function without other signs of Al toxicity (Rifat et al., 1990) . Exposure to Al at long-term low level could interfere with dopaminergic metabolism and neurocognitive function in workers, Al could cause dendritic atrophy, and behavioral deterioration (Petit, 1985) , and it was also involved in the neurofibrillary tangles and amyloid plaques of patients with Alzheimer's disease (Mirra et al., 1991; Exley and Esiri, 2006; Khachaturian, 2006) .
In agreement with the epidemiological research, a series of animal studies have also been conducted to probe into the neurological adverse effects of Al and present the similar deleterious effects. It was reported in a previous study that intracerebral and subcutaneous injection of Al salt could produce encephalopathy (Petit, 1985) . In addition, repeated injection of Al by intracerebroventricular and intrahippocampal impaired several behavioral tasks, including conditioned avoidance response in cats Dalton, 1973a, 1973b) , some researches showed that Al induced neurobehavioral alterations in the offsprings of mice exposed to Al during gestation (Rankin et al., 1993; Abu-Taweel et al., 2012) . Furthermore, chronic aluminum exposure in Drosophila can also cause the severe neurological disorders, such as locomotion and learning ability loss, early death in adults, and neurodegenerative vacuoles in aged Al treated flies (Wu, 2012) . Al is also involved in the formation of neurofibrillary tangles, amyloid plaques, granulovacuolar degeneration, and other pathological changes of Alzheimer's disease (AD) (Walton, 2007; Frisardi et al., 2010) . Therefore, it is pointed out that Al is probably a main relevant etiologic factor in environment during the development of neurodegenerative disorders. These data indicate that Al has an adverse impact on the central nervous system, especially on the cognitive ability, even neurodegenerative diseases. But so far, the mechanism underlying these neurotoxicity effects of Al has not been clarified clearly.
It is well known that hippocampus is the critical and principal encephalic region related with learning and memory (Gerges and Alkadhi, 2004) . In addition, the CA1 area in hippocampus is the most essential region for spatial learning (Huang et al., 1995) . Memory is consolidated and stored in CA1 area by synaptic plasticity and long-term potentiation (LTP) in this area of hippocampus is adopted widely and intensively to study learning and memory (Vara et al., 2003) . LTP is one form of synaptic plasticity in association with learning and memory (Rapp and Amaral, 1992; Gallagher and Nicolle, 1993) . Synaptic plasticity is considered as the cellular mechanism for memory, and it refers to the enhancement of transmission between two neurons or synapses which is often accompanied by structural change of the synapses (Lu et al., 2008) . It has been acknowledged to play a key role in learning and memory and believed to underlie the neural basis of learning and memory, which includes bi-directional regulation: LTP and long-term depression (LTD). LTP is an activity-dependent increase of synaptic efficacy of transmission induced by high frequency stimulation (HFS) that is extensively studied as an attractive cellular model for learning and memory (Bliss and Collingridge, 1993) . Similar with memory, LTP can be divided into two distinct phases, an early phase LTP (E-LTP) that depends on the modification of preexisting proteins, and a late-phase LTP (L-LTP) that requires synthesis of new mRNAs and proteins (Montarolo et al., 1986; Nguyen et al., 1994; Impey et al., 1996) . The induction and maintenance of LTP correlate with the ability on learning and memory. Furthermore, L-LTP is specifically related to long-term memory to a great extent and the maintenance of L-LTP is vital for the storage of long-term memory. The molecular mechanisms underlying the formation and consolidation of long-term memory and plasticity in both invertebrates and vertebrates have been intensively studied during the last decades (Bourtchuladze et al., 1994; Impey, 1996; Barco et al., 2002) . Currently, learning and memory impairment induced by Al has attracted more and more concern. It was reported that Al intraventricular injection impaired population spike (PS) of LTP in vivo (Platt et al., 1995) . Chronic aluminum exposure caused deficits in both LTP and LTD in rat (Wang et al., 2001; Wang et al., 2010; Liang, 2012) . Although previous studies have demonstrated the effects of Al on LTP, there are few studies on the effects of Al on L-LTP induction and maintenance.
In the present study, rat model of memory impairment was established by subchronic exposure of Al chloride (AlCl 3 ) from birth to postnatal 3 months. Al contents in the hippocampus and blood were determined by atomic absorption spectrophotometer. We investigated the memory ability of rat by Morris water maze test. The ultrastructure of neurons and synapses in hippocampus CA1 area was observed by transmission electron microscope. Moreover, the induction and maintenance of L-LTP in hippocampus CA1 area were measured by extracellular microelectrode recording in vivo. The manifestation and probable mechanism underlying memory impairment caused by Al was described and discussed.
MATERIALS AND METHODS

Chemicals
Al chloride (AlCl 3 ) was obtained from China Pharmaceutical Chemical Reagent Co. Ltd, Shenyang and dissolved in distilled water. All other chemicals used for atomic absorption spectrophotometer were of guaranteed grade. A standard reference material of Al was obtained from the National Center for Standard Reference Materials (Beijing, China).
Animals
Wistar rats (260 ± 10 g) were obtained from the Laboratory Animal Center, China Medical University, Shenyang, China (license number: 20070185) . All animals were maintained in a 12:12 light/dark cycle in an air-conditioned room at constant temperature (24 ± 1°C). Animals were observed for 7 days before mating (female: male = 1:1). Occurrence of copulatory plug indicated mating successfully and the day of pregnancy. Pregnant rats were randomly divided into four groups: one control and three Al-exposed groups. From the first day after birth (day 0), the distilled water were replaced by 0.2%, 0.4%, and 0.6% AlCl 3 solution, respectively in the Al-exposed groups while the control rats drank continually with distilled water.
Eight litters were reserved for each group and four pups were culled in each litter (female: male = 1:1, if possible). Pups were exposed to Al by parental lactation for postnatal 3 weeks firstly. After weaning, the rats were permitted free access to food and drinking water (containing 0, 0.2%, 0.4%, and 0.6% AlCl 3 , respectively) till 3 months after birth. After the exposure of Al for 3 months, each experiment was carried out. All animal treatments were strictly accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals as adopted and promulgated by China Medical University. All efforts were made to minimize the number of animals and their suffering. All experimenters were trained carefully and blind to the treatment of the animals in the whole process of experiments.
Determination of Al level
The concentrations of Al in blood and hippocampus were measured to certificate the consequence of Al exposure. Rats were weighed and deeply anesthetized by intraperitoneal injection of 1 % pentobarbital sodium (40 mg/kg). Blood was taken from the abdominal aorta. Rats were perfused with physiological saline and killed by decapitation, and the brain was immediately removed. The hippocampus of rats was frozen in -80°C fridge. We exactly took 0.1 g material for each specimen and placed at -40°C for 7 days with 1.0 ml dense azotic acid (MOS grade). After the samples turned clear, we took 0.04 ml soluble material to mix with 0.16 ml double distilled water, and then detected the concentrations of Al by atomic absorption spectrophotometer.
Hippocampus and brain coefficients of rats
Hippocampus coefficient = Hippocampus weight/ body weight × 100%; Brain coefficient = Brain weight / body weight × 100%.
Spatial learning and memory in Morris water maze
Morris water maze was used for behavioral training and testing spatial memory. It consisted of circular water tank (diameter, 130 cm; height, 50 cm) containing water at 23 ± 2°C. The target platform (10 × 10 cm) was submerged 1 cm below the water surface and placed at the midpoint of one quadrant. The tank was placed in a dark room separately, illuminated by dim light. Rats were subject to a spatial reference memory version of the water maze as described previously (Prediger et al., 2007) . The acquisition training session was performed 10 trials per day for 5 consecutive days. The animals were left in the tank facing the wall and allowed to swim freely to the escape platform. If an animal did not find the platform within a period of 120 sec, it was guided to it gently. The animal was allowed to rest on the platform for 30 sec, after that next trial would be performed. The test session was performed once 7 days after the training session. The trained rats were placed in the water maze again and tested under the same condition. The rats were permitted to swim in the Morris water maze for a maximum time of 120 sec until it located the platform. The mean values of the escape latency (sec) and the velocity (cm/sec) reaching the platform in the testing session were calculated, motion trails were recorded by computer in the meantime. The values indicated the memory ability of rats.
Ultrastructure of neurons and synapses
After the neurobehavioral test, rats were anesthetized with 1% pentobarbital sodium (40 mg/kg), and perfused with physiological saline and subsequently 0.5% glutaraldehyde before decapitation. Hippocampus was dissected out rapidly on ice, and 1 mm 3 tissue of CA1 area was rinsed with 0.1 M PBS (pH: 7.4), then fixed in 4%-formamin-1.5%-glutaral phosphoric acid (pH: 7.4) for 24 hr and dehydrated using 30% saccharu-phosphoric acid (pH: 7.4) for 24 hr, washed completely with PBS (pH: 7.4), then postfixed in 1% osmium tetroxide for 15 hr, dehydrated and embedded in Epon-812, which was polymerized at 60°C for 72 hr. Then the samples were trimmed and sectioned into 70 μm slices, stained with uranyl acetate and lead citrate. Finally, the ultrastructure was observed under transmission electron microscopy (H-600-4, Hitachi, Tokyo, Japan). 100 photographs were taken (magnification × 50 k).
Morphological changes under optical microscope
Rats were perfused with 100 ml 0.9% (w/v) physiological saline containing heparin (250 U) , and in succession followed by 100 ml fixing solution containing 4.0% (w/v) paraformaldehyde (PFA) in phosphate buffer (0.1 mol/l, pH: 7.2). The brains were removed and transferred into the same fixing solution for 7 days. After postfixation, brain tissues were put through sucrose bath from 0% to 20% gradually. Coronal sections of 4 μm in thickness from brain tissue were made, mounted, and dyed with hematoxylin-eosin (HE) staining. Photomicrographs were taken using an Olympus optical microscope (Qcapture/Evolution/BX51, Japan).
Induction and maintenance of L-LTP in vivo
Rats underwent extracellular microelectrode recording in vivo. In each recording session, rat was anaesthetized with 20% urethane (1.8 g/kg) and its head was fixed in a stereotaxic headholder. The skull was exposed and body temperature, heart rate and electrocardiogram were monitored. The dura was pierced through by a needle. For extracellular recording, a concentric bipolar stimulating electrode (a wire, 250 μm in diameter, insulated with Teflon except for the cut tips) was placed into the Schaffer collateral fiber in CA3 region of the right hippocampus to stimulate the L-LTP (coordinating with the skull surface flat: 3.8 mm posterior to bregma, 3.8 mm right lateral to the midline, 3.8 mm deep). A glass micropipette recording electrode (a tip, 3-5 μm in diameter, 1-3 MΩ, coordinating: 3.3 mm posterior to bregma, 1.5 mm right lateral to the midline) was inserted slowly into the pyramidal layer of the CA1 region of the right hippocampus for the recording of field potential (population spike, PS) until the maximal response was observed. The glass micropipettes used for extracellular recordings were filled with 2 M KCl. Extracellular evoked responses were obtained from the CA1 pyramidal neuron population in response to electrical stimulation of the ipsilateral Schaffer collateral fiber in CA3. In order to determine the optimal placement of the stimulating and recording electrodes, constant-current cathode pulses of 0.1 ms duration were delivered every 30 sec through the stimulating electrode as test stimuli before the formal experiment. Final positions of the stimulating and recording electrodes were confirmed by maximizing the amplitude of the field potential recorded in the CA1 region. Once the position of the electrodes was verified, recordings were allowed to stabilize for 10 min prior to the experiment. After the electrodes were located, the intensity of the test stimuli was adjusted to a level that could evoke approximately 40% of the maximum response of population spike amplitude. The stimulation was delivered with a negative pulse of 0.1 ms duration for at least 30 min and the changes of the former field potentials were recorded. Then the stimulus was switched to 4 trains of high frequency stimulation (HFS), consisting of 100 pulses (duration: 0.1 ms, period: 10 ms, frequency: 100 Hz and at test stimuli intensity). 50 minutes after HFS, the latter field potentials were recorded every 1 min and lasted for at least 30 min. The amplitude of the PS was measured as the distance from the negative peak to the positive one. The definition of L-LTP was regarded as 20% increase of amplitude of the average responses and lasted for more than 50 min, while LTD was regarded as 20% lower than amplitude of the average responses. These data were expressed as a ratio of PS amplitude to the corresponding pre-stimulated one (Xiong and Stringer, 1997) . The incidence of LTP induction and the average enhancement rate of PS amplitude were obtained based on the previous data. At the end of each recording session, small electrolytic lesions (10 WA, 10 sec) were made to permit histological verification of the tip position of the electrodes, and the anesthetized rat was decapitated immediately. The brain and hippocampus were quickly removed and immersed in 4% paraformaldehyde for other experiments. Vol. 38 No. 2 Statistical analysis SPSS 12.0 software (SPSS Co., Ltd, Armonk, NY, USA) was used to carry out all statistical analyses. Experimental data were expressed as mean ± standard deviation. The differences of measurement data among groups were analyzed using one way analysis of variance (ANO-VA) followed by Dunnett's test when F was signifi cant. The incidence of L-LTP and LTD (enumerated data) were analyzed using Chi-square test. P-value < 0.05 was considered signifi cant statistically.
RESULTS
Effects of Al on body weight, hippocampus and brain coeffi cients of rats
To confirm the adverse effects of Al on the central nerve system, we detected the body weight, brain and hippocampus coeffi cients and the ratio of hippocampus to brain of rats in 0.2%, 0.4% and 0.6% AlCl 3 -administrated groups along with the control. We found that there was no signifi cant difference in body weight throughout gestation (data not shown). The Al-exposed rats tended smaller than the control ones at postnatal 3 months, and their body weight and brain coeffi cient became lower than those in control, but the differences had no significance statistically (F = 2.322, P > 0.05; F = 0.611, P > 0.05; shown in Table 1 ). In terms of hippocampus coeffi cient and the ratio of hippocampus to brain, those from Al-exposed groups turned lower than those from the control (F = 3.116, P < 0.05; F = 2.937, P < 0.05). With the increase of Al doses, they took on a reduced trend, while hippocampus coeffi cient and the ratio of hippocampus to brain in 0.6% AlCl 3 rats were signifi cantly lower than those in control rats (P < 0.01, P < 0.05).
Al concentration in the hippocampus and blood
Al content in the hippocampus and blood of rats was shown in Fig. 1 . Al levels in the hippocampus and blood of control rats were very low. With the dose of Al increasing, the hippocampus and blood Al levels in rats increased Compared with control group, *P < 0.05, **P < 0.01. Fig. 1 . Al concentration in the hippocampus and blood of rats. n = 6 each group for hippocampus aluminum and n = 10 for blood aluminum. Compared with control group, **P < 0.01; compared with 0.2% AlCl 3 , # P < 0.05, ## P < 0.01.
in a dose-dependent manner (r = 0.932, P < 0.05; r = 0.975, P < 0.05). Hippocampus and blood Al contents of Al-exposed rats were significantly higher than those of control rats (F = 14.443, P < 0.01; F = 40.136, P < 0.01).
Hippocampus and blood Al contents in 0.2%, 0.4% and 0.6% AlCl 3 groups were significantly higher than those in control group (P < 0.01). Moreover, hippocampus Al content in 0.6% AlCl 3 group was significantly higher than that in 0.2% AlCl 3 group (P < 0.05), while blood Al contents in 0.4% and 0.6% AlCl 3 -exposed rats were significantly higher than those of 0.2% AlCl 3 -treated rats (P < 0.05; P < 0.01).
Effects of Al on the spatial memory of rats
Effects of Al on the spatial memory of rats were shown in Fig. 2 . After a training session for 5 consecutive days, rats had a rest for 7 days. Then, the rats were tested in the same Morris water maze to record average velocity, escape latency and swim traces in order to show their spatial memory ability. There was an obvious effect of Al on the average velocity, which was negatively related with the doses of Al (r = 0.970, P < 0.05). The swimming speeds of AlCl 3 -administrated rats was significantly slower than that of the control rats (F = 30.5, P < 0.01; shown in Fig. 2A) . The swimming speeds in 0.2%, 0.4% and 0.6% AlCl 3 groups turned significantly slower than those in control group (P < 0.01). The swimming speed in 0.6% AlCl 3 group remarkably decreased comparing with 0.2% and 0.4% AlCl 3 groups (P < 0.01). Similarly, a significant effect of Al on the escape latency was found in the trials (Fig. 2B) . Escape latency of rats was positively related with administrated-dose of Al (r = 0.984, P < 0.05). And the escape latencies in AlCl 3 administrated rats were significantly longer than those in the control rats (F = 15.257, P < 0.01). The escape latencies in 0.4% and 0.6% AlCl 3 groups was significantly longer than that in control groups (P < 0.01). The escape latency in 0.6% AlCl 3 group was significantly longer than 0.2% AlCl 3 groups (P < 0.05). In the same way, the swimming trails of Al-administrated rats were more and more complicated and disorder with Al dosage increasing. Search strategy in Al-exposed groups was inferior to the control group. Trace length in the Al-administrated groups was longer than that in the control (F = 163.885, P < 0.01). All these results indicated that AlCl 3 -exposed rats had weaker spatial memory and memory retention than the control ones. B: The escape latency of rats. Compared with the control, **P < 0.01; compared with 0.2% AlCl 3 group, # P < 0.05 ## P < 0.01; compared with 0.4% AlCl 3 group, P < 0.01. C: Representative swimming traces of rats in each group in water maze.
Effects of Al on the ultrastructure of neurons and synapses in hippocampus
There were ultrastructure damages to neurons and synapses of hippocampus CA1 area in Al-exposed rats. The photomicrographs in Fig. 3 (A) displayed the changes of neurons in hippocampus CA1 area for control, 0.2%, 0.4% and 0.6% AlCl 3 -exposed groups. Normal neuron of hippocampus CA1 area in control rats displayed an abundance of euchromatin, many rough endoplasmic reticulum and mitochondria in cytoplasm and large nucleus with distinct nuclear envelope and nucleoli. However, in hippocampus CA1 area of Al-exposed rats, shrunk cells were presented with condensed cytoplasm and nucleus, swollen mitochondria along with the cristae disorder and less in number, dilated rough endoplasmic reticulum. Sometimes, organelles were vacuolated and even lost, and heterochromatin in nucleus appeared and increased. The ultrastructural damage became more and more obvious with Al doses increasing.
The photomicrographs in Fig. 3(B) displayed the ultrastructure of synapses in hippocampus CA1 area for control, 0.2%, 0.4% and 0.6% AlCl 3 -exposed groups. Compared with the synapse in control rats, the quantity of synaptic vesicle in synapse was lower, postsynaptic density (PSD) was thinner, active synaptic zone was shorter, synaptic curvature was more uneven in Al-exposed groups. The ultrastructural changes became much worse with the increasing doses of Al.
Effect of Al on the morphology of hippocampus nerve cells
The photomicrographs in Fig. 4 displayed the morphological appearance of hippocampus nerve cells in CA1 and CA3 areas for control (Figs. 4A, 4B ), 0.2% (Figs. 4C,  4D ), 0.4% (Figs. 4E, 4F ), and 0.6% (Figs. 4G, 4H) AlCl 3 -administrated groups. There were increasing morphological changes of hippocampus nerve cells in Al-exposed groups compared with those in control group. The lay- er of pyramidal cells in hippocampus of Al-exposed rats became thinner with karyopycnosis, concentrated chromatin and other morphological abnormal changes than that in control rats. Irregular arrangement and vacuolar degeneration could also be observed in Al-exposed groups. The tissue injury turned worse and worse with Al dose.
Effect of Al on L-LTP of hippocampus in vivo Effect of Al on the induction of L-LTP
Prior to the induction of L-LTP by HFS, PS amplitudes, which represented baseline synaptic transmission, were examined. With the increase of Al doses, the average PS amplitudes evoked by single pulse before HFS showed a reduced trend, but there were no significant differences among all these groups (F = 0.511, P > 0.05; shown in Figs. 5A , 5B).
The effects of subchronic Al exposure on the induction of L-LTP from the Schaffer collateral fiber in CA3 to CA1 in hippocampus of rats were examined. Table 2 illustrated the incidence of L-LTP and LTD in CA1 region. As shown in Fig. 6 and Table 2 , HFS could induce a typical evoked potential in the pyramidal cell stratum of the CA1 region and L-LTP was observed. With the increase of Al doses, the incidence of L-LTP after HFS decreased, and even LTD was obtained especially in rats exposed to 0.4% and 0.6% AlCl 3 . Meanwhile, the tendency of LTD incidence increased, and the incidence of LTD in 0.6% AlCl 3 group was much higher than those of control and 0.2% AlCl 3 groups (P < 0.05).
Six among seven, six among eight, six among eight and six among nine rats were induced L-LTP successfully and entered the maintenance phase, the overall ranges of PS potentiation rate were equivalent to 178.38% 212.92%, 105.92% 173.91%, 37.04% 67.00% and 15.19% 56.02% respectively of the corresponding baseline value in the control, 0.2%, 0.4% and 0.6% AlCl 3 -administrated groups. And there was no LTD in control and 0.2% groups, one case LTD in 0.4% and 0.6% AlCl 3 groups whose incidence was 12.50% and 22.22% respectively (shown in Table 2 ), the overall ranges of PS potentiation rate in LTD cases were equivalent to 14.78% and 22.53% 27.08% of the corresponding baseline value separately.
Effect of Al on the maintenance of L-LTP
As shown in Figs. 5C, 5D, with the increase of Al doses, the rates of PS potentiation during the maintenance of L-LTP in CA1 region in AlCl 3 -exposed groups were significantly lower than those in control group (F = 128.176, P < 0.01). The rates of PS potentiation in 0.2%, 0.4% and 0.6% AlCl 3 groups were significantly lower than those in control group (P < 0.01). The rates of PS potentiation in 0.4% and 0.6% AlCl 3 groups were significantly lower than those in 0.2% AlCl 3 group (P < 0.01). Compared to 0.4 % AlCl 3 group, the rate of PS potentiation in 0.6% AlCl 3 group decreased, but there was no significant difference between the two groups (P > 0.05).
DISCUSSION
Al can enter human body via ingestion or inhalation, and present in all tissues and organs, including brain (Bondy, 2010) . It was found that Al could penetrate blood brain barrier, accumulate in brain and the hippocampus had the highest level of Al, which facilitated Al to produce neurotoxic effects (Fattoretti et al., 2004) . Among the various adverse effects on CNS, cognitive deficiency has been reported for decades (Rankin, 1993; Shaw and Petrik, 2009; Walton, 2012) , while the pre- cise mechanism how this metal exerts damage to memory remains unknown. Therefore, the potential harmful effects of Al on cognitive ability, especially on memory, should be paid more attention in view of its widespread application. The period from parturition to weaning was the most susceptible to Al-induced impairment of synaptic plasticity in rats. The animals exposed to Al from parturition to death had more serious impairment of synaptic plasticity than those exposed to Al in gestation, lactation or postlactation only . In this study, rats were exposed to Al through drinking water (similar exposure route to human) from parturition to postnatal 3 months. The Al overload was confirmed by the significant increase of Al levels in blood and hippocampus of Al-exposed rats comparing with those in control rats in a dose-dependent manner, which indicated that the model was established successfully and suitable to study the toxic effects of Al on neurobehavioral. We infer that during this development period increased permeability of blood brain barrier or decreased ability of the body to remove Al may be the cause.
A decrease trend of body weight was observed in Alexposed rats, especially in 0.6% AlCl 3 group (no decrement of food intake) comparing with that of the control rats, which was consistent with previous reports (Hermenegildo et al., 1999; Jing et al., 2004) . Meanwhile, it was shown that hippocampus, brain coefficients and hippocampus/ brain ratio in Al-exposed rats reduced gradually with the increase of Al doses. Moreover, brain coefficient decreased in 0.6% AlCl 3 group comparing with that in the control similar to previous studies Liang, 2012) . The body weight loss may be due to the reduction of cell repair and synthetic activities which finally affect growth and development. This view was also substantiated by our ultrastructure studies on hippocampus of Al-exposed rats. The hippocampus is a crucial brain region closely related to cognitive ability including learning and memory. As shown in Table 1 the hippocampus coefficient, hippocampus/brain ratio decreased in Al-exposed rats especially in 0.6% AlCl 3 group compared to those in the control rats. Therefore, it is presumed that Al accumulated in the hippocampus might have negative impact on cognitional ability of animals. Morris water maze is regarded as a typical instrument to evaluate cognitive abilities of rodents. The hidden platform acquisition could reflect the function of hippocampus (Morris et al., 1986) , and hippocampus-dependent spatial learning and memory of animals are frequently investigated in the water maze (Astur et al., 2004) , It was reported that visual spatial perception ability, psychomotor ability, short-term memory and learning ability were subject to a certain degree of damage in Al-related workers (Bast-Pettersen et al., 1994; Hanninen et al., 1994; Riihimaki, 2000) . In addition, a survey revealed that the children's intelligence near the Al plant was significantly lower than that of other children at the same age (Buchta et al., 2003) . Exposure to Al orally reduced significantly the behavioral performance of rats in Morris water maze test with the brain Al increasing Kumar, et al., 2011) . Another study demonstrated that exposure to 0.85 mg/kg glucose acid Al by intraperitoneal injection, 3 times per week, for 6 months impaired significantly the behavioral performance of rats (Miu et al., 2003) . In agreement with the above studies, our results showed that Al exposure from parturition to postnatal 3 months also impaired behavioral performance of rats in this Morris water maze test. In this test, control rats appeared to accomplish the training task quickly which acquired 7 days ago, indicating that the control rats had good spatial memory and maintained the obtained behavioral performance perfectly in Morris water maze. But with the increasing doses of Al, the swimming velocity of rats decreased gradually. And the average speeds in 0.2%, 0.4% and 0.6% groups decreased 27.27%, 31.82% and 59.09% respectively of that in the control. Meanwhile, the escape latency increased gradually. The escape latency in 0.2%, 0.4% and 0.6% groups prolonged 63.50%, 91.73% and 173.97% respectively of that in the control. In addition, the trails in the maze were more complicated and confused and the searching strategy turned inferior after Al exposure. All these data showed Al-exposed rats presented a delay to find the hidden platform indicating the spatial memory impairment, which were consistent with previous reports (Shuchang et al., 2008; Liang, 2012) . It is possible that impairments can be attributed to the accumulation of Al in the hippocampus, which may interfere with the mechanism underlying memory. Ultrastructure observation revealed the morphological changes in hippocampus neurons and synapses in Al-exposed rats. It was reported that Al deposited in the brain could impair the configuration of synapse, postsynaptic membrane and PSD which reflected the synaptic organization and metabolism (Jing, 2004) . Especially, the thickness of the PSD represented synaptic efficacy (Jing, 2004) ; synaptic curvature reflected a morphological index of synaptic plasticity representing the different function of synapses such as the neuron transmitter release signs and the configuration changes in postsynaptic receptors (Markus and Petit, 1989) . Subtle changes in synaptic structure can alter biophysical properties of synapses (Tang et al., 2001) . In addition, another research revealed that synaptic plasticity referred to the change of synaptic efficacy, the changes of synaptic transmission efficacy are usually followed by the structural modification of synapses (Lu, 2008) . Jing has reported that aluminum decreases the thickness of post-synaptic density, increase the width of the synaptic cleft, and increase the number of flat synapses (Jing, 2004) . In this study, it was shown that there were more shrunk cells with condensed cytoplasm, swollen mitochondria, increased heterochromatin, vacuolated organelles and even lost in neurons, there were fewer synaptic vesicles, thinner PSD, shorter active synaptic zone, and uneven synaptic curvature in synapses, and there were thinner pyramidal cell layer, irregular arrangement and vacuolar degeneration observed with HE staining in hippocampus CA1 and CA3 area after AlCl 3 exposure (Fig. 4) , which indicated that structure of hippocampal neurons and synapses was injured by AlCl 3 . The results are similar to the reported data (Jyoti and Sharma, 2006) . And these damages might attenuate the synapse activity or synaptic efficacy and eventually impair memory ability of rats. Consequently, adverse structure alterations of synapses and neurons and altered synaptic efficacy (Liu et al., 2008; Tripathi et al., 2009) might be, at least partially, responsible for the lower memory function induced by AlCl 3 .
In addition to the above structure changes, the electrophysiological impairment also occurred. LTP is acknowledged to be a well-known synaptic model of learning and memory (Barria et al., 1997) . LTP is essential for learning and memory (Vara, 2003) and especially important for spatial memory occurring in the Schaffer collateral (SC)-CA1 pathway (Silva et al., 1992) . LTP is also necessary for activity-dependent synapse formation in the developing brain (Vara, 2003) . It was reported that LTP in hippocampus CA1 area could lay down the memory trace required for learning and memory (Huang, 1995) and the factors impairing learning and memory decreased the magnitude of LTP, while the factors facilitating LTP improved memory (Bliss and Collingridge, 1993) . Previous studies reported that Al could impair hippocampus LTP in rats in vitro and in vivo (Platt, 1995) . Chronic Al exposure from parturition throughout life impaired LTP and LTD (EPSP slope and PS amplitude) in area DG of hippocampus in vivo (Wang et al., 2001) . Al could alter the excitability of (Impey et al., 1998; Grewal et al., 2000; Grzegorzewska et al., 2004) . Furthermore, Al could also affect the formation of LTD, reduce synaptic plasticity range significantly (Yamamoto et al., 2005) . E-LTP, which lasts about 1 hr, can be induced if one train of high frequency stimulation is input to the presynaptic area of CA1 region. If the input is shifted to multiple trains (3 or 4) of high frequency stimulation, L-LTP can be produced which lasts over 3 hr. The previous researches of Al on LTP were expounded, but they mainly focused on E-LTP and the data about L-LTP were very rare. In this study, we mainly highlighted the L-LTP induction and maintenance. PS amplitudes before HFS in Al-exposed groups were similar to those of the control, but the average PS amplitude enhancement rates and the incidence rates of L-LTP after HFS decreased significantly and even LTD could be induced in the Al-exposed rats comparing with those of the control, indicating that subchronic Al exposure could cause damage to L-LTP in hippocampus CA1 region of rats. Due to the adverse structural alterations of synapse and neuron mentioned above, it is not surprising to postulate that the induction and maintenance impairments of L-LTP induced by Al exposure recorded in hippocampus CA1 pyramidal neurons probably are related with structural alteration, which might interfere with synaptic plasticity and memory consolidation. Contrast to the fact that LTP can enhance memory formation, LTD can select, verify, make memory saturated and be important for the clearing of old memory traces. LTD can weaken some synaptic strength selectively, also play an important regulatory role in long-term memory formation process. It is a normal physiological phenomenon that LTD is evoked by low frequency stimulation (LFS). With respect to the mechanisms of LTD, Ca 2+ influx is also believed to be important for the synaptic plasticity just like in the LTP. Probably, LFS induces a low level of calcium influx which leads to LTD, while HFS induces a higher Ca 2+ entry above threshold which leads to LTP (Colbran, 2004) . Although both LTP and LTD shares a common trigger step: the influx of calcium through NMDA receptor channels, LTP is induced by patterns of synaptic stimulation that produce strong levels of NMDA receptor activation, whereas LTD is induced by patterns of synaptic activity that result in lower levels of NMDA receptor activity (Winder and Sweatt, 2001) . In this study we found HFS induced LTD in 0.4% and 0.6% Al-exposed groups (Table 2) , which is interestingly coincided with another report that rats treated with 0.6% AlCl 3 for 3 months also had increased frequency of LTD induction . We surmised that Al might decrease the NMDA receptor activity then reduce HFS-stimulated Ca 2+ influx to such a low degree as LFS-induced then result in LTD occurrence, eventually damage to memory process.
In summary, in this study we found that subchronic Al exposure from parturition to postnatal 3 months could induce the spatial memory impairment, injured L-LTP induction and maintenance as well as structure injury of neurons and synapses in hippocampal CA1 area. We speculated that Al exposure during development first destroyed ultrastructure of neuron and synapse then affected neuron growth, synaptic structure and plasticity in hippocampus, which altered biophysical properties of synapse, decreased the incidence of L-LTP and the rate of PS potentiation after HFS, and eventually resulted in spatial memory impairment. Also, our data indicated that Al level correlated with the induction and maintenance of L-LTP and the spatial memory degradation although we couldn't tell if there was a direct relationship. As so far, this study demonstrated that Al could impair long-term memory by the detriment of L-LTP in vivo for the first time. Hopefully, this study could provide a clue and scientific data to further elucidate the exact mechanism underlying long-term memory impairment induced by Al.
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